Using an appropriate choice of a metal possessing a surface plasmon frequency, ω sp , which is reasonably close to the excitonic transition energy of an InGaN/GaN quantum well (QW), exciton coupling to surface plasmon polaritons (SPPs) can be enhanced. An enhancement of the photoluminescence (PL) efficiency of InGaN/GaN quantum well (QW) samples coated with thin films of Ag has been demonstrated previously [1] [2] [3] [4] .
were coated with Au films [6] . Notably, SPP-enhanced emission was also observed for CdSe quantum dots (QDs) that were dispersed on evaporated Au films [7] and GaN/AlN QD samples prepared using thin Ag films [8] . The Purcell enhancement factor (F p ), which describes the enhanced radiative recombination rate due to coupling of the excitons to the SPP modes of the metal film, has been measured for metalcovered QWs and nanostructures [1-8, 9, 10] In addition to a coupling of excitons to SPPs for metal-covered QWs, excitons in III-nitride materials of course couple strongly with longitudinal optical (LO) phonons owing to the large difference in electronegativity between anions and cations [11] . The relative coupling strength can be represented by the Huang-Rhys factor (S) and can be obtained by examining the relative intensities of the LO phonon sidebands in luminescence spectra [11] [12] [13] [14] . The observed Huang-Rhys factors in InGaN/GaN QWs are much larger than those observed in bulk GaN. Two factors account for such enhancements in InGaN/GaN QWs. First, the composition fluctuations lead to a strong localization of excitons in In-rich regions which causes a greater spatial extent of the exciton wavefunction and coupling to a wider range of LO phonons [11, [13] [14] [15] . Therefore, an increased intensity of the LO phonon sidebands is often observed for InGaN QWs which exhibit greater exciton localization [13, 14, 16] . Secondly, the intense polarization fields cause a large charge separation between electrons and holes in InGaN/GaN QWs which enhances the coupling with LO phonons [11, 13] . In addition, we investigate experimentally the possibility that the coupling of excitons to LO phonons can also be influenced by the coupling of excitons to SPPs, which are caused by the deposition of plasmonic metal films on the InGaN/GaN MQWs.
We recently investigated the optical properties and carrier relaxation dynamics of Al-and Au-coated GaAs/AlAs/GaAs core-shell nanowires dispersed on Si substrates using timeresolved cathodoluminescence (CL) [9] . The metal-coated nanowires, having diameters of ~100 nm, provide a system in which the electron-hole pairs can be created, diffuse and recombine in varying proximity to the surface. The SPPs can be converted to free-space photons if the propagating SPPs in the thin metal film are scattered by the surface/interface roughness or grain boundaries of the polycrystalline metal film, owing to the momentum change associated with the scattering that enables a matching with the ω versus k light dispersion relation [3, 4] . Recently, we also investigated the temperature dependence of F p for InGaN/GaN QWs coated with thin films of Ag, Al, and Au using time-resolved CL [10] . We showed that in order to correctly model the temperature dependence of Purcell enhancement factor, F p , the inclusion of the effects of Ohmic losses of the metals and changes in the critical point energies as a function of temperature is essential when calculating the ω versus k SPP dispersion relation, plasmon density of states (DOS), and the dependence of F p on frequency and temperature [10] . Moreover, the 'back bending' in the SPP dispersion can cause a finite DOS above ω sp and lead to a measurable F p in a limited energy range above ω sp , which can potentially be exploited in plasmonic devices utilizing Ag and Au [10] .
Due to the opacity of the metal with respect to light/laser excitation from the top surface, CL is shown to be a particularly useful probe for metal-coated QWs, nanowires, QDs, or other nanostructure systems since a high-energy electron beam can easily penetrate thin metal films and create excess e-h pairs in the semiconductor QW or nanostructure [9, 10] . In this study, we investigate the temperature dependence of the Huang-Rhys factors for exciton to LO phonon coupling for Ag, Au, and Al films deposited on In x Ga 1−x N/GaN MQW samples. We further exploit the penetration ability of highly focused e-beams to study the optical phenomena associated with exciton-SPP coupling in metal/InGaN/GaN QWs using time-resolved CL. In particular, the three chosen plasmonic metals of Al, Ag, and Au facilitate an interesting comparison of exciton-SPP coupling for energy ranges in which the SP energy is greater than, approximately equal to, and less than the excitonic transition energy for the InGaN/GaN QW emitter [3, 10] . We utilized time-resolved CL and CL wavelength imaging (CLWI) with a variable e-h pair excitation density to study spatial variations in the exciton-to-LO phonon coupling and analyze possible spatial correlations between excitonic emission energy, integrated emission intensity, the Huang-Rhys factor, and e-h carrier lifetime (τ). In this study, we attempt to better understand and quantify the influence of plasmonic metal films and In composition fluctuations on the local optical properties, the potential landscape created by InN-rich centers in the QW, and exciton-to-LO phonon coupling in the InGaN/GaN MQW system.
II. Experiment
The InGaN MQW samples were grown on c-plane sapphire by metal organic chemical vapor deposition (MOCVD) using trimethylgallium, trimethylindium, disilane and ammonia as precursors, as has been previously described in detail [10, [17] [18] [19] [20] [21] . Two InGaN MQW samples were examined in this study. A schematic diagram of the basic structure is shown in figure 1 . First, a 2 μm-thick GaN:Si buffer layer was grown on c-plane sapphire substrate at 1060 °C, followed by deposition of 6 nm low temperature (LT) GaN layer. The MQW structures consisted of a confinement region (CR) and a single quantum well (SQW) in which the CR contains InGaN QWs possessing a lower content of In than that of the SQW so as to enhance the capture, transport, and collection of excited electrons and holes into the SQW, as previously studied in detail [17] [18] [19] . In both samples (labeled as S4 and S8), the CR consisted of 4 and 8 periods, respectively, of 2.5 nmthick In 0.05 Ga 0.095 N/6 nm-thick GaN layers grown prior to the growth of the 3 nm-thick In 0.12 Ga 0.88 N SQW, respectively, as illustrated schematically in figure 1 for the S4 structure. The CR, the 3 nm-thick In x Ga 1−x N SQW with x ≈ 0.12, nominally, and the 15 nm-thick GaN capping layer were grown at 800 °C. Atomic force microscopy has been used to study the rootmean-square roughness and revealed the presence of V-pit defects on these samples [10] .
The Ag, Au and Al films were deposited at near normal incidence onto the InGaN/GaN QW samples which were maintained at room temperature in a separate metal evaporation system with a pressure of ~1 × 10 −6 torr and evaporation rate of ~0.1 nm s −1 . A nominal thickness (t) of 20 nm for each metal was deposited on separate bare regions of the S4 and S8 samples. During the deposition of the three metals, masks were positioned along portions of the sample so that bare regions could be probed adjacent to the metal-covered regions. The mask was intentionally raised about ~5 mm from the surface of the sample so that a penumbra (or partial shadow) region of the metal deposition would produce a monotonic change in the thickness of the metal layer in transitioning from a bare to a constant metal film thickness. The typical transition length was ~300 µm. CL spectra for both the bare (reference) and adjacent metal-covered regions were acquired within ~500 µm of each other to minimize the effects of material variations when acquiring data and comparing CL results for different regions of the same sample.
The CL experiments were performed with a modified JEOL-5910 scanning electron microscope (SEM) using E b = 15 keV and I b in the 0.5 to 1.5 nA range [22] . The e-beam was injected through the thin metal films. Light generated by e-h recombination was reflected and scattered by the metal-covered surface and sample back-side and emitted in a bare region through the sample surface. An ellipsoidal mirror was used to collect the light from above the sample surface and transfer it via a coherent optical fiber bundle to a 0.25 m monochromator outside the SEM vacuum system. A UV multialkali photomultiplier tube (PMT) operating in the 185 to 850 nm spectral range enabled photon counting of the luminescence. Measurements were performed at different temperatures in the 50 to 300 K temperature range. In order to increase the range of accessible excitation densities, the excitation volume was varied by defocusing the electron beam in reproducible steps as has been described in detail elsewhere [18, 23, 24] . In the very low-excitation density regime, the electron beam was defocused to a spot with a diameter of ~45 μm at the sample surface. The defocusing approach permits measuring CL emission with a uniform excitation density that is several orders of magnitude smaller than what can be employed using a focused electron beam [18] .
Time-resolved CL experiments were performed with the method of delayed coincidence in an inverted single photon counting mode, with a time resolution of ~100 ps [22] . Electron beam pulses of 50 ns width with a 1 MHz repetition rate were used to excite the sample. Steady-state and timedelayed CL spectroscopy measurements were performed with a spectral resolution of 1 nm.
We employed cathodoluminescence wavelength imaging (CLWI) to enable a spatial mapping of the peak energy of the emission from the ensemble of GaN QDs. CLWI is accomplished by acquiring a series of 50 discrete monochromatic images, constructing a local spectrum at all 640 × 480 scan points within the image, and determining the excitonic transition energy, E x (x, y), at which there is a peak in the CL spectrum at each scan point (x, y) [25] .
III. Results and discussion
CL Spectra for sample S4 were acquired for sample temperatures of 55 and 150 K and are shown in figure 2 . Spectra of emission from the SQW are shown in the 400 to 470 nm wavelength range. The e-beam was uniformly defocused (i.e. the diameter of the spot was ~45 µm), yielding an excitation density of P ≈ 1.4 W cm −2 . The low excitation density ensures a relatively small screening of the polarization field and minimal state filling in both the CR and SQW at all temperatures. The peak emission energies are expected to exhibit energies near the lowest transition energies (i.e. largest redshifts) due to the quantum confined stark effect (QCSE) under such excitation conditions [18, 19] . In each panel of figure 2 , CL spectra are shown for both the bare (reference) region and the adjacent Ag-, Al-, and Au-covered regions, as labeled in the figure panels. The CL spectra are normalized to have the same peak heights in each of the panels for the different metal coatings, as shown in figure 2. For the CL spectra acquired at 55 K, phonon sidebands are observed on the low-energy sides of both the SQW and CR zero-phonon lines (ZPLs), with both one-phonon (1LO) and two-phonon (2LO) lines clearly visible for the SQW emission, as will also be demonstrated later with Gaussian peak fitting.
The lifetimes (τ) as a function of wavelength and temperature were obtained from the time-resolved CL measurements by fitting the CL transients to a single exponential term for the decay time [10] . Lifetimes were extracted from the CL transients of the bare and metal-covered S4 samples at various wavelengths for the SQW emission. The results are plotted and superimposed in the same graphs of figure 2 showing the CL spectra so that correlations between spectral features and lifetime changes can be observed. The carrier lifetimes depend on the temperature and decrease monotonically as the temperature is increased for both the bare and metal-covered samples. Lifetimes were observed to vary from region to region, and so to establish a fair comparison of the lifetime between the bare and metal-covered sample, CL spectra were acquired near the bare-to-metal boundaries in which the lateral separation for the acquired spectra was ~500 µm for each case of Ag, Au, and Al film coverage. At T = 55 K, the carrier lifetime is observed to increase as a function of wavelength through the energy range of the SQW peaks, as shown in figure 2. Such behavior for τ versus λ has previously been observed in InGaN/GaN QWs and is attributed to the localization of excitons in InN-rich centers or regions [26] [27] [28] [29] [30] [31] . The spectral diffusion of electrons and holes to lower energy InN-rich regions is expected to yield longer decay times, as observed in the zero-phonon peaks of the SQW [27] [28] [29] 31 ]. An oscillation in τ near the positions of the 1LO and 2LO sidebands is also observed in figure 2, as the overlapping energy ranges of the inhomogenously broadened ZPL, 1LO, and 2LO lines lead to a superposition of the lifetime dependence for the three emissions. The oscillations become weaker as the temperature is raised to 150 K, owing to the thermal broadening and delocalization of carriers from the InN-rich centers [18] , which lead to a smearing of the peaks at higher temperatures, as observed in the adjacent panels for temperatures of 55 and 150 K in figure 2. Moreover, for T = 150 K, the carrier lifetime in the wavelength range of the SQW emission peak is nearly constant, increasing at a much slower rate as a function of wavelength through the SQW emission peak, in comparison to the case for T = 55 K. For T = 300 K, we obtained CL spectra and a wavelength dependence of the lifetime that are similar to the case for T = 150 K, which marks approximately the onset of exciton delocalization [10, 18] . Again, the greater delocalization of carriers at the higher temperatures leads to exciton recombination in regions of slightly lower In composition (x) which may in turn lead to a reduced spatial separation of the electron/hole wavefunctions and a larger and more homogenous oscillator strength throughout the wavelength range of the SQW peak emission for T  ~150 K.
The most striking feature of the lifetime plots in figure 2 is the decrease in lifetime over the range of the SQW emission wavelengths caused by the deposition of the three metals. In order to better observe the change in lifetime, we have plotted the ratio of the lifetimes τ bare /τ metal versus wavelength in figure 3 for the three thin films of Ag, Au, and Al and for temperatures of 55 and 150 K. Previously, we have shown that the nonradiative recombination rate ( ) − t NR 1 is negligible for T = 55 K, whereas − t NR 1 begins to significantly contribute to the recombination process and competes with the radiative recombination rate ( ) − t R 1 for T > ~80 K [10, 18] . Therefore, the case for T = 55 K in figure 3(a) yields a result in which the Purcell enhancement factor can be expressed as F P = τ R(bare) / τ R(metal) ≈ τ bare /τ metal , [9, 10] and F P is shown for various wavelengths in the range of the SQW emission.
In figure 3 , values of τ bare /τ metal are greater than 1 for ~420 nm  λ  470 nm (i.e. for wavelengths in the range of the SQW emission) for the three metals, indicating that the metal films cause a reduction in lifetime and an increase in the total recombination rate. The results of figure 3 demonstrate that the deposition of the Ag film results in the largest enhancement in the radiative recombination rate. The maximum values of F p for Al and Au are about 25% less than that for Ag at T = 55 K, which exhibits a maximum F p ≈ 2.1. We have recently reported that a monotonic decrease in F p occurs for the three metals as the temperature increases towards room temperature, with Al exhibiting the smallest change in F p over the 55 to 300 K range [10] . The largest reduction in τ R and thus the largest increase in F p over the full temperature range is for the Ag film and is likely indicative of an enhanced exciton-SPP coupling for the Ag film in comparison to that for the Au and Al films. Such a result is supported by the observation that the surface plasmon frequency (ω sp ) for films of Ag/GaN is much closer to the energy of the SQW emission than that for either films of Al/GaN or Au/GaN whose ω sp are at energies that are considerably above and below that of the SQW emission energy, respectively [1] [2] [3] [4] 10] . Previously, we calculated ω sp for Au, Ag, and Al films of 20 nm thickness on GaN at T = 50 K, and the results are 2.50, 2.77 and 5.19 eV eV, respectively [10] . In comparison, the peak of the SQW emission energy is at ~2.88 eV. In order to understand and properly model the temperature dependence of F p for the three cases of Ag, Au, and Al films on the InGaN/GaN SQW, the temperature dependence of the ohmic losses, the real and imaginary parts of the dielectric constants, and the ω versus k SPP dispersion relation, including the 'back bending' of the dispersion, and plasmon density of states (DOS) were incorporated into our model, as described in detail in [10] .
The increasing CL intensity towards shorter wavelengths (particularly for the bare samples at T = 150 K in figures 2(b), (d) and (f)) is due to emission from the CR MQW region. A red-shift and broadening of the CR emission at higher temperatures and a reduced attenuation (or self-absorption) due to the absence of a reflective metal layer has led to the pronounced high-energy tail observed in these CL spectra for the bare samples. The CL spectra for T = 55 K over the full wavelength range of 350 to 480 nm for the bare and Ag-covered S4 sample are shown in figure 4 . The figure shows the GaN nearband edge (NBE), CR, and SQW peaks. In order to examine the temperature dependence of the 1LO and 2LO sidebands in both the CR and SQW emissions, we have fit the spectra with Gaussian components representing the ZPL of the GaN NBE, CR and SQW peaks as well as their apparent 1LO and 2LO sidebands. The energy separation ΔE n between the ZPL and the nth phonon sideband is given by
where L 1 = 1 and L 2 = 0 have been determined from theory [11, 32] . Previous measurements have shown that ħω LO ≈ 91 meV [11, 13, 16] . In order to ensure that the phonon sidebands are properly fit over a range of temperatures from 55 to 300 K, we have constrained the energy positions of the 1LO and 2LO sidebands for the CR and SQW peaks according to equation (1) . The fits were performed by first converting wavelength to energy in the spectra, and the results are again displayed on a wavelength axis in figure 4 . The graph is shown as a semi-log plot so that the weaker sideband components can be seen more clearly. Some differences in the relative peak heights can be observed between the bare and Ag-covered samples in figure 4 owing to the self-absorption of the higher energy emissions (i.e. the GaN NBE peak) for excitonic recombination occurring under the metal-covered region. The temperature dependence of the SQW emission is shown in figure 5 for the bare and Ag-covered S4 sample. The behavior of the SQW peak energy versus T for sample S4 exhibits an 'S-shaped' temperature dependence of the QW peak energy in which the peak blue-shifts by ~15 meV from 55  T  120 K and then red-shifts by ~20 meV from 120  T  300 K. Such behavior has been observed in previous studies of InGaN MQW materials and is attributed to carrier localization in QWs at low temperatures [18, [33] [34] [35] . As the temperature increases in the 55 to 150 K range, a greater fraction of electrons and holes are thermally excited to regions of the SQW possessing a lower In-content and higher effective bandgap energy above the band tail states, which leads to the blue-shift in the CL spectra. For T  ~150 K, the carrier delocalization is sufficient so that a further increase in the temperature will not lead to a substantially greater fraction of excitons in higher energy (lower In-content) regions. For T  ~150 K, an increase in temperature will lead to a decrease in the bandgap due to the electron-phonon interaction, as is the main contribution for the temperature dependence of the In x Ga 1−x N bandgap in this high temperature range [36] . The S-shaped temperature dependence strongly suggests that exciton localization plays a dominant role at temperatures below ~150 K. For higher temperatures, T  ~150 K, excitons are primarily delocalized and recombine in the SQW as 2D free excitons. The width of the SQW peak is also found to broaden as the temperature increases, resulting in a smearing of the phonon-sidebands to the extent that they cannot be resolved for T  ~210 K. Results of the ratio of the 1LO peak intensity (I 1 ) to the ZPL (I 0 ), I 1 /I 0 , versus T are shown in figure 6 for the Ag-, Al-, and Au-covered samples and for the corresponding bare regions of the samples within ~0.5 mm of where the metal-covered samples were excited.
The relative strength of the exciton-phonon coupling is represented by the Huang-Rhys factor, S n , and is given by the intensity ratio of the phonon sidebands, as follows:
where I n is the integrated intensity of the nth phonon sideband [11] [12] [13] [14] [15] [16] . The Huang-Rhys factor for the 1LO phonon, 
2-LO
S 0 = I 1 /I 0 , is observed to remain roughly constant for a given region for 55  T  ~150 K and then decrease precipitously as a function of temperature for ~150  T  250 K in figure 6 . Small variations between different parts of the sample for the metal films and the bare regions are attributed to material variations between the regions and are not likely due to exciton-SPP-phonon coupling effects that could conceivably be caused by the metal layers. This conclusion is supported by a careful examination of the spatial variations of S 0 over several other regions of the Ag-covered sample which results in an S 0 which is nearly identical for the bare and Ag-covered parts of the sample, despite some noticeable differences in S 0 observed in figure 6 (a) for the particular chosen regions. The temperature dependence of S 0 is correlated strongly with the aforementioned localization behavior of the excitons. In the low temperature range of 55  T  ~150 K, exciton localization in InN-rich centers is expected to result in a larger spatial separation in the electron and hole wavefunctions in comparison to delocalized free excitons which experience a reduced average In composition (x) at higher temperatures T > ~150 K. A larger effective separation of electron and hole charges is expected to result in a greater S 0 for localized excitons at low temperatures, as observed in figure 6 . Thus, the transition to delocalized free excitons for T > ~ 150 K explains the rapid decrease of S 0 in this temperature range. As has been studied in detail, charge carriers couple to the optical (LO) phonon modes in polar semiconductors through the Fröhlich interaction, which is a Coulomb effect involving the charge carriers and the longitudinal electric field of the LO phonons [11] . The interaction would be small for a localized neutral exciton in a bulk crystal, but is greatly increased in the InGaN quantum wells because of the spatial separation of the electrons and holes that is caused by the large polarization field of the QW and, in particular, InN-rich regions of the QW. Previously, the Huang-Rhys factor, S, has been shown to increase with increasing In composition (x) since both the piezoelectric field and e-h charge separation increase with increasing x [11] [12] [13] [14] [15] [16] 37] . In addition, the exciton-LO-phonon interaction strength is reduced if the net charge density of the exciton wavefunction is spread over a larger area in the plane of the QW [11, 13, 14] . The latter characteristic would also lead to a reduced S 0 for delocalized excitons in regions of reduced In composition. In order to assess the spatial variations in the lifetime, τ, caused by the coupling of excitons to SPPs over the boundary region between the bare and metal-covered regions, we show line scans of τ versus distance over a scan direction normal to this boundary region in figure 7 . The results are shown for sample S8. Three different line scans for each metal type are indicated by the different color symbols in order to assess the effects of possible material variations (including film thickness variations) over the region. The results show a mainly monotonic decrease in the lifetime as the e-beam position is scanned from the bare to the metal region over the penumbra shadow region (as illustrated in figure 1) . A small dip (~10% in lifetime) is observed for the case of Al, but the present data cannot distinguish between a result that is due to a reduced film thickness, formation of metal islands, grain size variations, or possible InGaN material variations in this region. Previous atomic force microscopy (AFM) measurements of the metal films revealed feature sizes ranging from ~10 to 50 nm and indicated a large root-mean-square (RMS) roughness of ~7.1 nm for the Ag film that is ~3 times that for Al and Au [10] . Thus, the penumbra region likely contains island regions in which the local metal film thickness varies considerably over the carrier diffusion length of ~0.3 μm, particularly in regions close to the bare edge boundary. The lifetime in such regions can be described as a weighted average of a range of local lifetimes which are likely influenced by exciton to local surface plasmon coupling in small isolated metallic islands in the thinner regions of the penumbra.
A variety of CL imaging modes which include monochromatic CL, CLWI, lifetime imaging, excitation-dependent imaging, and imaging of the Huang-Rhys factor were all performed for the same piece of sample S8, as shown in the following analysis. Various CL imaging modes over a 64 × 48 μm 2 region of sample S8 are shown in figure 8 for I b = 0.3 nA and T = 55 K. In figure 8(a) , a monochromatic CL image acquired for λ = 428 nm is shown. Spatial variations in the emission of the SQW are observed such that dark regions (i.e. regions of reduced local intensity) indicate regions in which the emission is blue-shifted relative to the central emission peak (at λ = 428 nm) which yields a bright region in the image. The intensity pattern shows wavy dark striations that appear to run along a high-symmetry <1-100> direction for lengths of ~10 to 20 μm before terminating. Such partial spatial ordering and disordering of the In composition and local phase separation into InN-rich regions reveal the complex interplay between the surface morphology and surface kinetics of In-incorporation during the growth [26] [27] [28] [29] [30] [31] . To further visualize the effects, a CLWI image is shown in figure 8(b) . The color bar indicates the range of wavelengths in which a peak in the local CL spectrum occurs and indicates a maximum variation from 420 to 432 nm. Again, wavy striations over a limited length occur in a <1-100> direction. Underlying defects such as threading dislocations, V-pit defects, surface steps, or asymmetries in the starting c-plane sapphire surface may all contribute to the observed pattern. The last CL mode shown in figure 8(c) is a lifetime imaging map which shows  τ(x, y) . The lifetime image was obtained over the same region , respectively, by acquiring a set of discrete monochromatic CL images containing 640 × 480 pixels at different time windows relative to the decay edge of the exciting pulse. The decay time τ at each pixel was obtained by a linear fit to I 0 exp (−t/τ) over the corresponding pixels in all discrete images [38] . Considerable variations in lifetime are observed in which τ is observed to vary from 8 to 12 ns in regions having varying sizes from a few hundred nm to ~10 μm. In order to evaluate spatial correlations between the three imaging modes, an arbitrary line in the images of figure 8 was chosen over which the wavelength, lifetime, and CL intensity are simultaneously plotted versus distance, as shown in figure 9 . A strong correlation is observed between peaks and troughs among the three line scans such that a local increase in CL intensity correlates with a longer wavelength and longer lifetime. Such a correlation is consistent with the notion that InNrich regions of the SQW lead to a reduced effective bandgap which causes a red-shift in the CL peak position. Secondly, the reduced bandgap creates a local dip in the band edge potential that enhances carrier collection and recombination which leads to an increase in the CL intensity. Thirdly, the enhanced In composition (x) leads to a local increase in the strain and concomitant piezoelectric field which enhances the spatial separation between electron and hole charges, reduces the oscillator strength, and increases the carrier lifetime, as observed in the correlation analysis. In order to quantify the correlation between the images of figure 8, the standard 2D image correlation coefficients (r ab ) between two images a and b, have been calculated. 1 The correlation coefficients, r ab , r bc , and r ac , for the images in The dashed white line in (a) shows the line over which the image correlation analysis of figure 9 was performed. [27] [28] [29] [30] [31] . The potential fluctuations caused by phase separation into InN-rich regions can be assessed further by varying the excitation density of electrons and holes (i.e. by changing the beam current). Figure 10 shows a series of monochromatic CL images of the SQW emission acquired for I b varying from 0.3 to 14 nA. CL imaging further reveals that the sizes of the bright and dark regions and other features depend on the level of excitation. The minimum feature size is strongly dependent on the e-beam current and many of the fine/sharp features become washed-out as I b is increased from 3 to 14 nA, as shown in the images. A corresponding normalized CL line scan analysis (over an arbitrary line in the images) is shown on the right and shows how the feature size changes as the beam current increases. The increase in the feature size is evidently related to the rapid band filling of carriers in InN-rich regions, which should change the spatial shape of the potential profile in the vicinity of the InN-rich centers due to a partial screening of the local polarization field and alter the subsequent drift and diffusion of carriers towards the lowest energy minima. Moreover, the excitation-dependent CL images are similar to a previous study involving the CL imaging of InAs self-assembled quantum dots (QDs) subjected to varying levels of excitation [24] . In that study, successive filling of the ground and excited states in adjacent groups of ensembles of QDs having different size distributions was hypothesized to be the cause of spatial smearing and feature size broadening under high-excitation conditions [24] . For sufficiently high e-beam currents, the features associated with large groups of InAs QDs were observed to become nearly completely smeared or washed-out in the CL imaging. Thus, we suggest that a similar explanation is relevant for the present excitation-dependent CL imaging of the InGaN SQW (as shown in figure 10 ), which is composed of InN-rich centers that are thought to behave like QDs [28] [29] [30] [31] 39] . A successive filling of states in such InN-rich clusters as I b is increased should also lead to a spatial smearing effect similar to that which was previously reported in [24] , as observed in the present CL images of figure 10 . Thus, the potential landscape created by the In composition undulations can be substantially influenced by varying the carrier excitation density.
In order to investigate further the effects of carrier excitation on the potential fluctuations, we have acquired two CLWI images under high-and low-excitation conditions, as shown in figure 11 . The blue-shifting of the emission wavelengths by ~10 meV for the CLWI image with larger beam current figure 11(a) . The line scans show an average blue-shift of ~10 meV for the case of I b = 2 nA relative to the scan for I b = 0.3 nA. The screening of the polarization field of the SQW at larger excitation densities causes a reduction in the quantum confined stark effect (QCSE) and leads to an average blue-shift of ~10 meV as observed both in the CLWI images and line scan analysis. Moreover, the range of the SQW emission energies in the CLWI and line scan analysis is observed to be strongly affected by the excitation density. The standard deviation of the SQW emission energy, σ, in the line scan analysis is 5.3 and 3.9 meV for e-beam currents of 0.3 and 2.0 nA, respectively. Thus, the reduction of the fluctuations (as represented by σ) for the larger e-beam current in the emission energy is consistent with the spatial smearing effect observed in figure 10 since an increased excitation density is expected to lead to an enhanced carrier collection in InN-rich regions and a concomitant larger screening and blue-shift of the SQW emission energies in such local regions.
Finally, the last correlation measurements are presented in figure 12 in which a CLWI measurement and a CL imaging of the Huang-Rhys factor for the 1LO phonon replica, S 0 = I 1 /I 0 , is shown for the same 64 × 48 µm 2 region of the sample S8. The false color bars show both the mapping of the wavelength and S 0 . The Huang-Rhys factor was obtained by acquiring a series of discrete monochromatic CL images over the entire spectral range of the SQW emission and fitting the spectrum for each (x, y) pixel of the 640 × 480 image with Gaussian components, as illustrated for the integrated CL spectra in figure 4 . Therefore, the spatial imaging of the Huang-Rhys factor is expressed by S 0 (x, y) = I 1 (x, y)/I 0 (x, y), and, to our knowledge, is the first such reported CL or PL imaging measurement for S 0 . The importance of the correlated CLWI and S 0 imaging measurement is shown in figure 12 (c) in which a line scan analysis for an arbitrary dashed line is shown. A strong correlation between peaks and dips in the SQW peak (ZPL) wavelength and S 0 is observed. Moreover, the images in figures 12(a) and (b) have a correlation of r ab = 0.118. 1 Thus, a red-shift in the SQW emission energy correlates with a local increase in the Huang-Rhys factor. The observation is further consistent with our understanding of the behavior of InN-rich centers which are characterized by a longer wavelength emission, increased charged separation between electrons and holes, and therefore an increase locally in the Huang-Rhys factor (S 0 = I 1 /I 0 ), as observed in figure 12(c) . The results presented in figure 12 are for the bare region of sample S8. It is worth mentioning that the same imaging and correlation measurements were performed for the Ag-, Au-, and Al-covered S8 samples, and no detectable changes in the average or local values for S 0 were found, as previously discussed in connection with the temperature dependence of S 0 shown in figure 6. Our conclusion, at least for the current set of metal-covered SQW samples, is that the exciton-SPP coupling was not found to compete or to alter appreciably the strength of the exciton-LO phonon coupling which is fundamentally represented by the Huang-Rhys factor.
IV. Conclusions
The coupling of excitons to surface plasmon polaritons (SPPs) and longitudinal optical (LO) phonons in Ag-, Au-, and Al-coated In x Ga 1−x N/GaN multiple and single quantum wells (SQWs) were studied with time-resolved cathodoluminescence (CL) and CL wavelength imaging techniques. Excitons were generated in the metal-coated SQWs by injecting a pulsed high-energy electron beam through the thin metal films, which is found to be an ideal method of excitation for plasmonic quantum heterostructures and nanostructures which are opaque to laser/light excitation. The Purcell enhancement factor (F p ) at low temperatures was obtained by Figure 11 . CLWI acquired at low and high excitation conditions for sample S8. Beam currents of 0.3 and 2.0 nA were used to acquire the CLWI images in (a) and (b), respectively. The false color bar shows the wavelength mapping in (a) and (b). A line scan analysis is shown in (c) for the arbitrary line (indicated in (a)) in which the energy (wavelength) versus distance scan is plotted for the two ebeam currents. The temperature was maintained at 55 K.
direct measurement of changes in the carrier lifetime caused by the SQW exciton-SPP coupling. The deposition of thin films of Al, Ag, and Au on an InGaN/GaN QW enables a comparison of exciton-SPP coupling for energy ranges in which the surface plasmon energy is greater than, approximately equal to, and less than the QW excitonic transition energy. The time-resolved CL measurements resulted in the largest F p for the Ag film on the InGaN SQW. The maximum values of F p for Al and Au are about 25% less than that for Ag at T = 55 K, which exhibits a maximum F p ≈ 2.1. We have recently reported that a monotonic decrease is observed in F p for the three metals as the temperature increases towards room temperature, with Al exhibiting the smallest change in F p over the 55 to 300 K range [10] .
We investigated the temperature dependence of the HuangRhys factor, S 0 , for exciton-to-LO phonon coupling for the metal-covered and bare samples. The temperature dependence of S 0 is correlated strongly with the localization behavior of excitons. In the low temperature range of 55  T  ~150 K, exciton localization in InN-rich centers results in a larger effective spatial separation in the electron and hole wavefunctions in comparison to delocalized free excitons which experience a reduced average In composition (x) at higher temperatures T > ~150 K. The transition to delocalized free excitons for T > ~150 K explains the rapid decrease of S 0 that was observed over this temperature range.
These results have implications regarding the well-known 'green gap' phenomenon, which is a precipitous decrease in III-nitride LED performance for wavelengths greater than ~500 nm [40, 41] . The 'green gap' has been attributed to factors such as large piezoelectric fields, indium segregation, relaxation of lattice strain, and presence of non-radiative point and dislocation defects [42, 43] . Thus, the longer lifetimes found in the InN-rich regions again underscore the importance of defect and dislocation reduction in the vicinity of high In content In x Ga 1−x N/GaN QWs during growth in order to minimize the creation of non-radiative channels that compete with the slower radiative recombination rates found in InN-rich regions.
CL monochromatic Imaging, CLWI, spectroscopy and time-resolved CL were used to examine the spatial correlations between CL emission intensity, carrier lifetime, QW excitonic emission energy, and the Huang-Rhys factor, all of which are strongly influenced by local fluctuations in the In composition and formation of InN-rich centers. The influence of the excitation density on the potential landscape created by the In composition undulations was examined by varying the electron beam probe current in the CL wavelength imaging measurements. The Huang-Rhys factor was directly imaged and found to correlate strongly with the presence of InN-rich centers, showing that electron-hole charge separation is enhanced in InN-rich centers whose emission energies are also concomitantly reduced. Finally, by comparing all CL results for the bare and metal-covered samples, exciton-SPP coupling in the current samples was not found to compete or to alter appreciably the strength of the exciton-LO phonon coupling, as represented by the measured Huang-Rhys factor. A correlated CLWI and Huang-Rhys factor imaging for the 1LO phonon replica, S 0 = I 1 /I 0 for sample S8. The CLWI and S0 images are shown in (a) and (b), respectively, which exhibit a correlation coefficient of r ab = 0.118 (from footnote 1 ). A line scan analysis is shown in (c) which indicates the spatial correlation of peaks (red lines) and dips (blue lines) for wavelength and S 0 along an arbitrary line shown in (a). A red-shift in the SQW emission energy correlates spatially with a local increase in the Huang-Rhys factor, S 0 . The temperature was maintained at 55 K.
